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General Discussion 

In chapter 1 of this thesis the basics of 
Polycomb group (PcG) function were put 
forward and general questions were posed 
as to the function of the human PcG 
complex. These questions were: 

> What is the role of multiple mammalian 
PcG orthologues? 

> Do PcG complexes have a constant 
composition? 

> How does the PcG complex 
composition provide target specificity? 

> To what extent are human PcG proteins 
involved in disease? 

In this chapter we will discuss how the 
data that were put forward in this thesis and 
findings from other researchers help to 
provide answers to these questions. This 
discussion mainly focuses on what is new 
that was hitherto unknown, what the 
implications are of our findings and what 
problems and questions remain open and 
unanswered. 

1. Human PcG proteins form 
multimeric protein complexes. 

The function of PcG proteins is conserved 
from Drosophila to mouse. For instance, in 
both Drosophila and mice, mutations in 
Polycomb group genes result in homeotic 
transformations. The extent of the 
evolutionary conservation is, however, even 
more striking. When the mouse homolog of 
Pc, M33, is introduced into the Pc"/_ 

Drosophila mutant, the Pc_/" phenotype is 
almost completely reversed to the wild type 
Drosophila fly (37). Such observations 
suggested that the molecular mechanisms 
underlying PcG action might be very 
similar in Drosophila and mammals. 

One of the molecular clues of 
Drosophila PcG action is that they appear to 
operate as multimeric protein complexes. 
The association of several PcG proteins to 
identical loci on the Drosophila polytene 
chromosomes, coimmunoprecipitation ex
periments and cofractionation in high 
molecular weight complexes, all indicated 
that PcG proteins associate with each other 
in vivo (12, 15, 28, 31, 46, 58, 80). When 
work described in this thesis started, 
nothing was known about potential 
mammalian PcG protein complexes. 

We have extensively employed the 
two-hybrid system to identify new human 
proteins that are part of a human PcG 
complex (Chapter 2, 3 and 4). These screens 
resulted in the identification of HPH1 and 
HPH2, two human homologues of the 
Drosophila PcG gene polyhomeotic (ph) 
(Chapter 2) (19). We also identified RING1 
as being part of the human PcG complex 
(Chapter 3) (48). Detailed analysis of all 
identified interactions led to the conclusion 
that the PcG protein complex that contains 
HPC (human Pc) further consists of BMI 1, 
HPH and RING1 (51). In addition, we 
identified a protein that functions as a co
mpressor for several other repressors, CtBP 
(C-terminal Binding Protein) (53, 56). 
Through its interaction with CtBP the PcG 
complex might be associated to the 
chromatin via DNA binding repressors 
(Chapter 4) (56). Based on the analysis of 
the interactions between these PcG proteins 
we are now able to draw a model of the PcG 
complex (Figure 1). 

To provide evidence for the in vivo 
relevance of the identified two-hybrid 
interactions we performed coimmuno
precipitation and cofractionation experi
ments. Furthermore, we found in several 
cell lines that these five proteins colocalize 
in pronounced nuclear domains, termed 
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Figure 1. A model for PcG complex composition based on interacting proteins. Overlapping spheres indicate the 
ability of the specified proteins to interact. The curved arrow indicates the possible connection of the PcG complex 
to the DNA via CtBP. 

PcG domains. All data support the idea that 
these PcG proteins form a multimeric 
protein complex. Several observations are 
worthwhile to discuss. 

Sequence homology is restricted to 
conserved domains. 

The sequence homology between 
the HPH and Ph proteins is restricted to 
conserved domains, in this case the 
homology domains I and II, which are 
involved in protein interaction. Outside 
these domains homology between HPH and 
Ph is very limited. Even though, the 
homology outside the conserved domains is 
very limited, overall structure of the human 
Polyhomeotic proteins is very similar to that 
of their Drosophila counterpart. The 
homology domains I and II, and a zinc 
finger motif lie in a conserved order in the 
C-terminal part of HPH1, HPH2 and Ph 
(Figure 2). This limited sequence homology 
has also been found in, for instance, the 
HPC proteins. HPC proteins share only 
extensive homology with the Drosophila Pc 
protein in two conserved regions, the 
chromodomain and the C-terminal domain. 
The chromodomain appears to be involved 
in binding of Pc protein to chromatin (33, 
42) and the C-terminal domain is involved 
in repression of gene activity (49). It seems 
that functional domains that are present in 
PcG proteins might be more conserved than 

other parts of these proteins. These 
functional domains make it easy to identify 
novel human PcG proteins that are 
homologous to Drosophila PcG proteins. 
One has to take into account however that 
some conserved domains in PcG proteins 
are also found in other proteins. Homology 
domain II from Ph is also present in Sex 
comb on midleg (Sern) and lethal(3) 
malignant brain tumor (l(3)mbt) and 
therefore often referred to as SPM domain 
(Sem, Ph, l(3)mbt) (5). The chromodomain 
of Pc is also not uniquely present in this 
protein, but is shared with HP1 (40). 
Careful alignment can determine for which 
Drosophila gene a newly identified clone is 
the true homologue. However, when partial 
cDNAs are isolated that do not contain a 
conserved domain, their homology with 
other PcG genes is minimal and their 
importance in PcG function might be 
overlooked. 

Human PcG proteins seem to exist in pairs. 
The human PcG proteins appear to 

exist as pairs. HPH1 and HPH2 were one of 
the first examples of such a pair. As 
mentioned earlier HPH1 and HPH2 share 
extensive sequence homology in conserved 
domains. Outside these conserved domains 
however, the sequence homology between 
HPH 1 and HPH2 is not higher than between 
HPH1 and Ph. Our group has found the 
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Figure 2. Homology between conserved domains of 
Drosophila and Human Polyhomeotic proteins. The 
Q-stretch indicates a glutamine-rich stretch of amino 
acids. Homology domains I and II are indicated H-I 
and H-II respectively. The zinc finger is indicated as 
'Zinc'. The percentages displayed are based on 
identical amino acids. 

same to be true for HPC1, HPC2 and Pc 
(Satijn and Otte, unpublished data). Still, 
these proteins share important functional 
aspects. HPC1 and HPC2 are, for instance, 
both repressors of gene activity. HPH1 and 
HPH2, as well as HPC1 and HPC2 are part 
of the PcG protein complex. This is 
indicated by the fact that they 
coimmunoprecipitate and that they all 
colocalize in the PcG domains (Chapter 3) 
(50). 

Another example of a protein pair is 
CtBPl and CtBP2. These two proteins are, 
in contrast, very homologous (Chapter 4) 
(56). The same is true for the mammalian 
PcG proteins Bmi-1 and mel-18 (22, 67, 
74), homologues of the Drosophila PcG 
protein posterior sex combs (7, 25, 75). 
Bmi-1 and mel-18 are 58 % identical and 93 
% homologous (26). Finally, RING1 exists 
as PJNG1A and RING1B (54). These 
proteins are 86 % identical in the ring finger 
domain and about 70 % identical in two 
conserved domains in the C-terminal half of 
the proteins. Like the HPH and HPC 
proteins homology between the RTNG1 
proteins is limited outside the conserved 
domains. 

In fact, protein families like these 
are not restricted to just two orthologues. 
For instance, the HPC class consists of 
HPC1, HPC2, HPC3 and HPC4 (4, 49) 
(HPC4 is currently in the sequence database 

as cbx6, accession: XP009995). The 
implications of the existence of multiple 
PcG homologues are unclear. One clue may 
come from the fact that they have very 
different expression profiles in both normal 
human tissues as well as in cancer cell lines, 
suggesting a functional difference for PcG 
orthologues (See section 2). Another telling 
aspect is that in all cases the pairs of PcG 
proteins are able to heterodimerize. This 
property may have implications for the 
building of distinct PcG complexes with 
different compositions and diverging 
functions (See section 3). 

The existence of mammalian PcG 
protein families is in striking contrast with 
Drosophila, where no such amplification of 
family members has been found. This is 
reminiscent to the existence of four 
duplicated homeotic gene cluster in 
mammals, in comparison with the single 
homeotic gene cluster in Drosophila. This 
parallel is suggestive since PcG proteins are 
such important regulators of the homeotic 
genes. 

Is RING1 a PcG protein? 
We identified RTNG1 as being part 

of the human PcG protein complex. This 
came as a considerable surprise, since there 
appears to be no Drosophila PJNG1 
homologue that has been identified as being 
a PcG protein. Also, at that time there was 
not a single clue for the function of RING 1, 
which is an acronym for Really Interesting 
New Gene\ PJNG1 has all the characteistics 
of a bona fide mammalian PcG protein. It 
has extensive interactions with multiple 
PcG proteins (50). PJNG1 coimmuno-
precipitates and cofractionates with the 
other human PcG proteins. RING1 
colocalizes with the PcG proteins HPC, 
BMI1 and HPH in the nuclear PcG 
domains. Finally, it acts as a powerful 
repressor of gene activity. However, until 
very recently, genetic evidence for PJNG1 
being a PcG protein was lacking. Recently, 
it has been shown that targeted deletion of 
Ring la, the mouse homolog of RING1, 
gives rise to a similar, homeotic phenotype 
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as other mouse PcG genes (13). This is the 
first indication at a genetic level that RING1 
is indeed a PcG gene. Furthermore, use of 
an antibody against a Drosophila homolog 
of RING1 demonstrated that this 
Drosophila protein, dRing, colocalizes with 
other PcG proteins on polytene 
chromosomes (Miguel Vidal, personal 
communication). This is considered to be an 
important characteristic of Drosophila PcG 
proteins. Why then has dRingl never been 
identified as a bona fide PcG protein? The 
reason probably lies in the fact that there are 
simply no known mutations in dRingl. 
Neither has a transposon been identified in 
the neighborhood of the dRingl locus. In 
short, dRing has probably escaped genetic 
screens in Drosophila for trivial reasons. 
This coincidence is telling, since other 
important regulatory proteins will probably 
also escape our attention for similar reasons. 
Our data and the data on the murine Ring la 
protein strongly suggest that RTNG1 is an 
essential core protein in the PcG protein 
complex. However, it will probably take a 
mutation in dRing that has a PcG phenotype 
to convince Drosophila geneticists to accept 
this protein to be a bona fide PcG protein. 

Are all PcG proteins identified? 
Have we identified all proteins 

within the human PcG complex? This is not 
likely. In Drosophila 17 PcG genes have 
been identified and possibly more, since 
other cytological locations have been 
identified that enhance the Pc phenotype. 
For 12 of the Drosophila PcG genes 
(putative) human homologues have been 
identified. It is possible that with further 
two-hybrid screening human homologues 
for a PcG gene like Additional sex combs 
(Asx) might be identified. Asx has a strong 
genetic interaction with Pc, which might be 
due to a direct interaction between these 
two proteins (35). There are also 
Drosophila PcG genes that have not yet 
been sequenced. Such genes as super sex 
combs (sxc) and Sex combs extra (See) 
won't be recognized since their sequences 
are simply not in the database. 

One potentially more conclusive 
way to identify more components of the 
human PcG protein complex might be 
biochemical purification of the PcG protein 
complex. A Drosophila PcG protein 
complex has been purified biochemically 
(58). The purified PcG protein complex was 
enriched for approximately 10 proteins. We 
have extensively tried this approach, but 
have failed to achieve our goal. Part of the 
difficulty in purifying the mammalian PcG 
protein complex appeared to be that the 
complex is very heterogeneous, ranging 
from PcG protein monomers to high 
molecular weight complexes (Gunster and 
Otte, unpublished results). It remains 
unclear whether this heterogeneity is due to 
instability of the complex or if PcG protein 
complexes are heterogeneous in vivo. One 
plausible reason for heterogeneity in the 
size of PcG complexes might be a 
differential composition of these complexes 
(See section 3). 

Two separate PcG complexes exist. 
During the course of this PhD study 

our group obtained evidence for the 
existence of a PcG protein complex that is 
physically separate from the above 
described PcG protein complex. This 
second PcG protein complex contains the 
EED (embryonic ectoderm development) 
and the EZH2 (enhancer of zeste 
homologue) proteins (57). EED and EZH2 
strongly interact in the two-hybrid assay. 
They coimmunoprecipitate and colocalize 
in the same cells of human tissue such as 
tonsils (44). However, they do not interact 
with members of the first PcG complex, 
namely HPC, HPH, BMI1 or RING1. 
Furthermore, EED and EZH2 do not 
coimmunoprecipitate with members of the 
HPC/HPH complex. Finally, EED and 
EZH2 do not colocalize with members of 
the HPC/HPH complex, neither in the cell 
nucleus (57) nor in the same cells of a 
human tissue such as the tonsil (44). We 
have therefore concluded that there are at 
least two distinct PcG protein complexes, 
the HPC/HPH and the EED/EZH2 complex 
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(57, 77). This finding has subsequently been 
confirmed in Drosophila (38, 69). 

It has been speculated that the 
EED/EZH complex has the function of 
initiating gene silencing and that the 
HPC/HPH complex is for maintaining the 
repressed state of silenced genes (57, 71). 
This idea is based on the fact that mutants 
of EED and esc, its Drosophila homologue, 
have more dramatic effects in early 
development than the other PcG proteins. 
Esc is in fact the only PcG protein whose 
presence is essential for early Drosophila 
development (63). All other PcG proteins 
are required only in later stages of 
development when maintenance of gene 
repression is needed (63). Also the 
phenotypical effects of the eed"/_ mutation 
on mouse development is strikingly 
different. The eed" ' does not survive beyond 
gastrulation (55), whereas in most other 
mouse PcG mutations only modest 
homeotic transformation are observed (76). 
These data have been interpreted as 
consistent with an earlier role for EED/esc 
than the other PcG proteins. In our group 
we have obtained additional evidence 
supporting a different function for the 
separate PcG complexes. Our group has 
found that the EED/EZH complex is 
associated with histone deacytelation 
(HDAC) activity, whereas the HPC/HPH 

complex is not (71). The association of 
histone deacetylase activity with the 
EED/EZH complex has recently been 
confirmed in Drosophila (70). This HDAC 
activity is in part explained by the fact that 
HDAC proteins interact specifically with 
the EED protein and not with any other PcG 
protein (71). Another part of the EED/EZH 
associated HDAC activity can be explained 
by the interaction of the transcription factor 
Yin-Yangl (YY1) with EED (52). YY1 is 
known to be associated with HDAC activity 
through an interaction with HDAC proteins 
(11, 79). YY1 has further been identified as 
a homologue of Pho (pleiohomeotic), a 
Drosophila PcG protein (6). Importantly, 
YYl/Pho is the only PcG protein with 
specific DNA binding properties. Taken 
together these interactions suggest the 
following model (Figure 3). YYl/Pho binds 
to the DNA of Polycomb response elements 
(PREs). The next event is recruitment of the 
EED and EZH2 proteins, along with HDAC 
proteins. This is followed by histone 
deacytelation, an early, gene repressing 
event. The final step is recruitment of the 
HPC/HPH complex. 

In conclusion, when we started the 
work described in this thesis, there was no 
evidence for the existence of mammalian 
PcG protein complexes. Genetic evidence in 
Drosophila indicated the existence of only 

Deacetylation 

+* "" " > 

Repression 

Polycomb Response Element Promoter Target gene 
Figure 3. A model for PcG repression. Overlapping spheres indicate the ability of the specified proteins to interact. 
The curved arrow indicates the possible connection of the HPC/HPH complex to the DNA via CtBP. The curved 
arrow with question mark indicates that no solid link has been identified whereby the EED/EZH complex and the 
HPC/HPH complex physically interact. The dashed line signifies that histone deacetylation is involved in PcG 
function 

131 



Chapter 7 General Discussion 

one single PcG protein complex. Now we 
can draw a more detailed model of the PcG 
protein complexes, based on the above 
described lines of evidence (Figure 3). What 
is currently lacking is the place of PcG 
proteins such as Polycomblike and 
Enhancer of Polycomb within this model 
(31, 64). What is also lacking is the 
(physical) relation between the two 
complexes. One protein, RYBP (RING1 
YY1 binding protein) has been described to 
interact with YY1 and M33 (HPC1), as well 
as with PJNG1, providing a possible link 
between the two complexes (17). 
Unfortunately, no indications for an in vivo 
interaction between this protein, YY1, M33 
and PJNG1 have been found (17). 

2. What is the role of multiple 
mammalian PcG orthologues? 

As discussed in section 1, multiple 
mammalian homologs of one particular 
Drosophila PcG protein exist. What is the 
use of this apparent redundancy? Is it 
merely a back up mechanism to secure 
against failure of these important genes? Or 
does the duplication have some functional 
relevance? In the case of a failsafe 
mechanism one would expect the 
orthologous genes to have an identical 
function and perhaps an identical expression 
pattern. This is, however, not the case for 
HPH1 and HPH2 (Chapter 2) (19), CtBPl 
and CtBP2 (Chapter 4) (56), nor HPC1 and 
HPC2 (Chapter 5) (20), which in all cases 
show significant difference in expression 
pattern. What then may be the importance 
of the existing PcG protein pairs? 

The mouse Ring la and Ring lb 
orthologues share the zinc finger-binding 
domain, the RING-finger. Apart from this 
RTNG-finger the two proteins share only 
two regions of sequence similarity in the C-
terminal end. The Ring la and Ring lb 
proteins do, however, display specificity in 
protein interactions. Ring lb binds MPh2 
(the mouse HPH2) through a domain 
outside the RING-finger (23). An 

interaction between Ring la and MPh2 does 
not exist. This indicates that an important 
difference between Ring la and Ring lb lies 
in the fact that they are able to recruit 
different proteins, amongst which are other 
PcG proteins. Another example comes from 
work described in this thesis. 

Orthologous vertebrate Pc proteins 
share functionally conserved protein 
domains, the chromodomain and the C-
terminus (Chapter 3) (41, 47, 48, 49). The 
chromodomain is essential for associating to 
the chromatin and the C-terminus mediates 
gene repression (8, 33, 49) Again, outside 
these functionally conserved domains, 
homology is hardly existent. However, apart 
from the chromodomain and the C-
terminus, which are domains that are shared 
by all Pc homologues, we have identified 
the six amino acid motif, PIDLRS, which is 
present in HPC2, but not in HPC1 (Figure 
4). Through this motif HPC2 binds 
specifically to the co-repressors CtBPl and 
QBP2 (Chapter 4) (56). The murine HPC1 
homologue M33 lacks this motif and has 
been shown to not bind to QBP2 (Figure 4). 
Also the Xenopus XPc2 homologue (47) 
contains this six amino acid motif and thus 
binds the CtBP proteins. This again is an 
example how a small difference in protein 
sequence can result in the differential 
recruitment of proteins. 

The differential recruitment of 
proteins will obviously lead to the 
emergence of distinct PcG complexes with 
different compositions. Potentially, this 
creates greater diversity in PcG complexes 

Chromodomain C-term 
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Figure 4. Homology between HPC1 and HPC2. The 
chromodomain and the conserved C-terminus are 
indicated by the shaded boxes. The percentages 
displayed are based on identical amino acids. The 
PIDLRS domain that is only present in HPC2 
mediates the interaction with CtBP. 
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than when only one version of a particular 
PcG protein would exist. This could in turn 
result in a greater array of target genes that 
can be repressed. 

Besides the differential potential of 
the orthologues to recruit other proteins, 
they also differ functionally. There is a big 
difference in the phenotype of Ringla"7" and 
Ringlb"7" mice. Targeted deletion of Ringla 
leads to subtle changes in the identity of the 
vertebrae, while Ringlb deficient mice die 
at day 9 of gestation (13) (Vidal, personal 
communication). This difference in 
phenotype indicates that Ringla and Ringlb 
are functionally different. Possibly, Ringlb 
deletion gives rise to such a severe 
phenotype because it interacts with more 
PcG proteins, such as HPH2 (23). 

In contrast, targeted disruption of 
Bmil and mel-18, the murine homologues 
of Psc, leads to very similar and moderate 
phenotypes. But Bmil and mel-18 do differ 
in their effect on tumorigenesis. Over-
expression of Bmil in mice leads to 
increased incidence in lymphomas, while no 
such effect is seen when mel-18 is over-
expressed (2, 68, 77). Depletion of mel-18 
by antisense mel-18 RNA does, however, 
lead to rumorigenic phenotype in NIH/3T3 
cells (26). This would classify mel-18 as a 
tumor suppressor gene, while Bmil is a 
known oncogene. This suggests that Bmi-1 
and mel-18 are functionally very distinct. 
However, the fact that in mel-18"'" mice no 
tumorigenesis has been reported suggests 
that the in vivo relevance of mel-18 as a 
tumor suppressor might be limited (1). 

In conclusion, we and others have 
unveiled a far more complex picture of PcG 
protein complexes than was imagined some 
years ago. As discussed, the existence of 
multiple PcG orthologues may result in the 
creation of distinct PcG protein complexes 
with different compositions. 

General Discussion 

3. Do PcG complexes have a 
constant composition? 

Initial evidence for differentially 
composed human PcG complexes was 
obtained by analyzing the mRNA 
expression levels for BMI, HPH1, and 
HPH2 in eight separate tissues (Chapter 2) 
(19). This revealed that the expression 
patterns of these three genes were different 
from each other. To examine the extent in 
which PcG expression varies dependent on 
the selected tissue we expanded the mRNA 
expression analysis to 23 tissues and six 
PcG genes (Chapter 5) (20). The expression 
of the PcG genes varied greatly, some PcG 
genes being expressed in nearly every tissue 
and some being expressed in only a few 
tissues. The differential expression of PcG 
genes in various tissues implicates that the 
composition of the PcG protein complexes 
in these various tissues is likely to be 
different as well. 

Since tissues are composed of 
different cell types, it is possible that PcG 
genes that are co-expressed at the tissue 
level can still be expressed differentially in 
distinct cell types of that same tissue. An 
example is the tonsil (44). BMI1 and 
RING1 as well as EED and EZH2 are co-
expressed in the tonsil. However, when 
observing distinct cell types within the 
tonsil, BMI1/RING1 and EED/EZH2 
display a mutually exclusive expression 
pattern. BMI1 and RJNG1 are expressed in 
resting B cells in the mantle zone, whereas 
EZH2 and EED are not expressed in the 
mantle zone, but in proliferating B cells 
instead (44). We observed distinct PcG 
expression patterns in other tissues as well. 
We found that PcG expression patterns are 
divergent at the sub-tissue level, giving rise 
to cell type-specific PcG expression 
patterns. The fact that different sets of PcG 
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proteins are expressed in the various cell 
types within several tissues indicates that 
cell type-specific PcG protein complexes 
exist. 

Apart from having a different 
composition in various cell types, the PcG 
protein complexes might also differ in 
composition depending on the develop
mental stage. One can wonder if the PcG 
protein complexes that are present in an 
adult tissue are the same throughout its 
development, or whether the composition of 
the PcG protein complexes alters during 
development. Elaborate developmental 
studies of PcG complex composition have 
not been performed so far. Our analysis of 
PcG expression patterns in the embryonic 
kidney is the first of this kind of study. We 
analyzed the expression of seven different 
PcG proteins in the fetal kidney (Chapter 5) 
(19). This allowed us to also draw 
conclusions on PcG protein complex 
composition. In one tissue section of fetal 
kidney several progressive stages of kidney 
development can be discerned. We 
observed profound changes in the 
expression of particular PcG proteins. For 
instance, nephrogenic mesenchyme cells 
(Nm) develop in the fetus towards 
mesenchymal condensate cells (Mc). In Nm 
cells HPH1 and HPC2 expression was high, 
whereas no BMI1, RTNG1, HPC1, EED, or 
EZH2 expression was detected at all. When 
Nm cells develop into Mc cells the PcG 
expression pattern changes dramatically. In 
Mc cells expression of BMI1, PJNG1, 
HPH1, HPC1, and EZH2 was high, while 
no HPC2 or EED expression was detected. 
Finally, in the mature kidney the 
composition of the PcG protein complexes 
was again strikingly different from the 
composition in the precursor Nm and Mc 
cells. These dramatic changes indicate the 
highly dynamic nature of PcG protein 
complex compositions during development. 

Also other groups have noted 
developmentally dynamic changes in PcG 
complex compositions. Ezhl and Ezh2 
expression is differentially regulated in 
development (29). During embryonic 

development Ezh2 is predominantly 
expressed in several tissues. However, in 
mature mice expression of Ezhl in these 
tissues is up regulated, while Ezh2 
expression down regulated. In this example, 
however, no attempts were made to 
examine the PcG protein distributions at the 
cellular level, such as we have performed in 
the fetal kidney. 

4. Does PcG complex composition 
provide target specificity? 

What might be the functional 
significance of distinct PcG protein 
complexes with different compositions? It 
has been hypothesized that the composition 
of a PcG complex determines the specificity 
for its target genes (50). Support for this 
hypothesis came from binding patterns of 
PcG proteins to the engrailed (en) locus of 
Drosophila (65). Within the en locus three 
PcG target genes can be found: en, invected 
(inv), and VI. At the en gene Pc, ph and Psc 
are associated, while at the inv gene only Pc 
and ph are present. At the VI gene only ph 
and Psc were detected. This indicates that 
PcG protein complexes have different 
compositions at various target sites and 
suggests that the composition of the PcG 
complex might determine the specificity for 
its gene targets. 

Admittedly, support for the idea that 
distinct PcG complex composition relates to 
target specificity is weak, beside the above-
mentioned example. At the moment hardly 
any study has been devoted to this 
important question. It has never actually 
been shown that altering the composition of 
the PcG complex leads to its redirection to a 
different target gene. More knowledge of 
the composition of PcG complexes at 
different target genes will be required to 
further explore the relation between PcG 
complex composition and target specificity. 

There is, unfortunately, very little 
insight in PcG target genes. Besides the 
well-known homeotic genes in Drosophila 
and the engrailed locus, no other PcG target 
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genes have been identified. In mammals this 
situation is even worse, since no direct PcG 
target genes have been identified at all. 

In Drosophila, DNA elements have 
been identified that are responsible for 
maintaining the repressive state of homeotic 
genes (36). The silencing that is mediated 
by these DNA elements is dependent on Pc 
function (9, 61); hence such an element is 
called a Polycomb Response Element 
(PRE). It has been shown that PcG proteins 
associate with these PREs (66). However, 
for a long time it was unclear how the PcG 
complex associated to the DNA, since the 
PcG proteins that had been identified thus 
far didn't have any DNA-binding 
capabilities. 

Recently the Drosophila PcG 
protein pleiohomeotic (pho) was 
characterized (6). This PcG protein binds to 
a specific consensus sequence that is shared 
by several PREs (16, 34). It is possible that 
pho mediates binding of the Drosophila 
PcG complex to the DNA. The vertebrate 
transcription factor YY1 shares homology 
with Drosophila pho (30). YY1 and pho are 
homologous in a DNA-binding region 
containing four zinc fingers. It is unclear 
whether YY1 is the vertebrate homologue 
of pho, as YY1 contains several functional 
domains that are absent in pho. These 
domains include a glycine rich protein 
interacting domain and two acidic regions 
responsible for transcription activation (3). 
An important difference between YY1 and 
Pho concerns histone deacetylation activity. 
As discussed in earlier, YY1 binds to EED. 
EED and YY1 together mediate the HD AC 
activity that is associated with the 
EED/EZH complex. Pho misses the domain 
that is important for HDAC activity (6). It 
is, therefore, not clear whether Pho, and the 
PcG complex it associates with, mediates 
HDAC activity in Drosophila. 

Another point that should be raised 
is that for now it is not clear what the 
significance is of the Pho/YYl binding sites 
in PREs. Mutations within the Pho binding 
site abolish the ability of the PRE to convey 
repression (16). However, Pho on its own is 

not able to cause silencing, nor is it able to 
recruit other PcG proteins like Pc or Psc 
(43). It is also obvious that the Pho binding 
sites in PREs are only part of the story. 
Whereas they are more or less necessary for 
PRE function, they are by no means 
sufficient. Pho binding sites themselves do 
not convey repression in Drosophila 
embryos (59). This should not come as too 
much of a surprise when one considers how 
complex the nature of PREs actually is. Not 
only do PcG proteins bind to them, also 
proteins from the antagonizing trithorax 
Group (trxG) protein family bind to them. 
For instance, trithorax (trx) colocalizes with 
Pc at many sites on polytene chromosomes 
(10). Whereas this approach might be too 
crude, due to the limited resolution, 
immunoprecipitation experiments of cross-
linked chromatin fragments supports these 
data. Using this technique it has been shown 
that GAGA factor, which is encoded by the 
trithoraxlike (tri) gene (14), binds to PREs 
(24, 39, 66). This is in line with previous 
data showing that trx colocalizes with PcG 
proteins on polytene chromosomes (10). 
Apart from being located at PREs, there are 
also functional links between the GAGA-
factor and PcG function. In the case of the 
iab-7 PRE it has even been shown that its 
silencing properties are dependent on the 
GAGA-factor (21). The bxd PRE has been 
fine-mapped to a core element of 200 bp 
that still contains GAGA binding 
sequences. Mutation of these sequences 
abolishes binding of Pc to the bxd core 
element in vitro. This suggests that the 
GAGA-factor might be needed for PcG 
function. Furthermore, it has been shown 
that the GAGA-factor coimmunoprecipit-
ates with Pc in some PcG complexes (24). 

It is obvious from this discussion 
that the molecular nature of PREs is very 
complex and is at this moment still poorly 
understood. As previously stated, only in 
Drosophila have PREs been identified with 
certainty. No mammalians PREs have been 
identified. We tried extensively to identify a 
PRE in the mouse engrailed locus, using 
chromatin cross link experiments, as well as 
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by making reporter gene constructs. The 
reason we chose the engrailed locus is that 
over-expression of RJNG1 in Rati A cells 
resulted in the strong down-regulation of 
engrailed (51). However, we were unable to 
identify a gene-repressing response element 
in a locus of 15 kbp. 

The lack of mammalian PREs and 
the poor insight into how PcG complexes 
are actually targeted to these PREs prevent 
answering the question of this section. We 
are not even sure how the PcG complex 
associates to the DNA. Pho and GAGA 
seem to be involved, but their role is far 
from clear. In this light, the important 
question of whether distinct PcG protein 
complexes with different compositions 
target and regulate different genes is likely 
to remain unanswered for quite some time. 

5. To what extent are human 
PcG proteins involved in disease? 

Since the stable transmittance of the 
repressive state of genes by PcG proteins is 
essential for maintaining the identity of 
cells, mis-expression of PcG proteins might 
result in the loss of cellular identity. One 
can imagine that this can have a serious 
effect on the health of an individual. It is 
not surprising therefore that the first 
mammalian PcG homologue, Bmil, was 
identified through its involvement in 
disease. Bmil was identified through its 
involvement in carcinogenesis and is known 
as a proto-oncogene (22, 74). Over-
expression of Bmil in transgenic mice 
results in a predisposition to 
lymphomagenesis. Also the newly 
identified mammalian PcG protein RJNG1 
has carcinogenic properties. Over-
expression of RING1 for instance, causes 
tumors in nude mice (51). 

In this thesis we studied the role of 
PcG proteins in Mantle Cell Lymphoma 
(MCL). We found that there is a correlation 
between the rate of proliferation and the 
expression of the human PcG protein EZH2 
(Chapter 6) (78). Comparison of the PcG 

expression pattern of MCL with the healthy 
tissue from which it originates, revealed that 
in proliferating MCL the PcG expression 
pattern was disturbed. As healthy mantle 
cells are activated and start proliferating, 
BMI1 and RING1 are down-regulated and 
EZH2 and EED are up-regulated. In MCL 
this is not the case. As MCL cells are 
stimulated to proliferation, BMI1 and 
RING1 are not down-regulated, and EED is 
not up-regulated. Only EZH2 follows the 
correct expression pattern and is up-
regulated as MCL cells are stimulated to 
proliferation. This aberrant PcG expression 
pattern helps to explain the malignancy of 
MCL. As the MCL is stimulated to 
proliferation two genes with oncogenic 
potential, BMI1 and RING1 are not down-
regulated. Possibly the imbalance of 
multiple PcG proteins disturbs the control 
on proliferation in such a way that a 
malignant tumor can arise. 

At the moment it is not obvious 
whether the de-regulation of the PcG 
proteins is causal or merely one of many 
consequence of the changed phenotypes of 
cancer cells. Our data showing enhanced 
growth rate of Ramos cells after over 
expression of EZH2, however, may be an 
indication that there is a causal link between 
expression of EZH2 and growth rate of 
MCL cells. Although this needs to be 
substantiated with more experiments, our 
experiments already hint at the importance 
of PcG proteins in diseases such as cancer. 

Further evidence for a correlation 
between de-regulation of PcG expression 
and tumorigenesis comes from studies in 
lymphoma. In the tonsils and lymph nodes 
PcG proteins follow a specific expression 
pattern. In these tissues BMI1 and EZH2 
are expressed in a mutually exclusive 
pattern (44). In Hodgkin's lymphoma, a 
tumor that is derived from the lymph nodes, 
this expression pattern is disturbed and 
BMI1 and EZH2 are co-expressed in 
diseased cells (45). Also in non-Hodgkin's 
lymphoma cells co-expression of EZH2 and 
BMI1 has been observed (73). In this case, 
the number of cells in which co-expression 

136 



Chapter 7 General Discussion 

was observed positively correlated with the 
degree of malignancy. 

Possibly BMI1 and EZH2 co-
expression is a marker for lymphoid tumors. 
It will be interesting to find out whether this 
co-expression is a feature that is common to 
a wide range of tumors or is limited to 
lymphomas. More extensive analysis of 
PcG expression in tumors will have to be 
done to answer this question. The coming 
years will show how far the link between 
de-regulation of PcG proteins and 
tumorigenesis extends. 

6. Concluding Remarks 

In recent years much research has been 
done on PcG function. This thesis has 
provided more insight into the composition 
of the human PcG complex (Chapter 2, 3 
and 4) (19, 48, 56). An extensive study of 
PcG expression patterns has brought to light 
the great variability in the composition of 
PcG complexes (Chapter 5) (20). Finally, 
the relation between PcG expression and 
cell proliferation has been studied for a 
specific type of lymphoma (Chapter 6) (78). 
This indicated that mis-expression of 
multiple PcG genes might be involved in 
the pathology of tumors. Thus, this thesis 
presents significant results concerning the 
function of human PcG complexes. 

We are now beginning to understand 
some of the aspects of PcG function such as 
complex composition. However, there are 
areas of human PcG function that are 
unexplored. For instance, in humans no 
PREs have been identified thus far. This is 
probably due to the fact that apart from Hox 
genes no other human PcG targets have 
been identified yet. The identification of 
new human PcG targets will open up 
possibilities for studying the relation 
between the composition of PcG complexes 
and their target specificity. 

Another field that is unexplored is 
the involvement of PcG proteins in the 
function of boundary elements. Boundary 
elements are DNA elements that can block 

the effects of enhancers and/or silencers on 
gene expression. Some boundary elements 
can block the repressive influences of 
specific repressors of gene activity such as 
the PcG proteins (72). Boundary elements 
might play an important part in restricting 
PcG-mediated gene repression to specific 
domains within the genome. There is also 
genetic data in Drosophila indicating that 
this is true. A protein that associates with 
the boundary element gypsy is Drosophila 
mod(mdg4). This protein is distributed in 
pronounced nuclear domains. Mutation of 
Pc results in a diffuse nuclear distribution of 
the mod(mdg4) protein (18). This indicates 
that Pc and mod(mdg4) might be 
functionally related. Also in Drosophila 
embryos several boundary elements are able 
to block repression mediated by PcG 
proteins (32, 60). These data suggest an 
important link between repression systems 
such as the PcG protein complexes and 
chromatin-associated regulatory elements 
such as boundary elements. To unravel 
these links are likely to be a fruitful new 
chapter in the PcG research field. 
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